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ABSTRACT
Progeny testing is practiced to select the best crosses (families) prior to individual 
plant selection and to guide decisions relative to hybridizing and seedling planting in 
many crops including sugarcane (Sacchamm sp. hyb.). Research to optimize the 
progeny testing methodology examined its effectiveness relative to family, within family, 
environment, replication, and intrarow plant spacing. Variance-component analysis 
indicated that family by environment (locations, years) interaction was a minor inhibitor 
of selection effectiveness. Within-family variance was the largest source of variation for 
the five traits considered. For stalk weight, stalk length, and stalk diameter, a small 
majority of this variance was due to genetic within-family plant-to-plant variation. 
Partitioning genetic from environmental plant-to-plant variation for plant weight and 
stalks per plant was not possible. Family by spacing interaction was not important. 
Genetic correlations of family means of the same trait at different spacings essentially 
equaled unity. Response to selection estimates indicated family selection among wider 
spaced families (82 cm between plants) was up to 31% more effective than family 
selection using narrow plant spacing (41 cm between plants). Since family by 
environment variances were minor compared to other sources of variation, effectiveness 
of testing was mostly a function of plant number and spacing. Replication across 
environments only marginally improved selection effectiveness. Predicted family gain 
demonstrated a 20 to 31% increase in selection effectiveness by using wider plant 
spacing. Repeatability values were higher in wide than in narrow spaced families. Stalk 
number was the least repeatable trait. Genetic mechanisms acting upon plant weight and
ix
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its components were similar in each of the three environments. Phenotypic and 
genotypic path analyses direct effect coefficients were all positive and similar in 
magnitude indicating that selection for any plant weight component would result in an 
increase in plant weight. The relative efficiency of selection indices was higher when all 
plant weight contributing traits were included along with plant weight. Results from this 
study strongly suggest that family selection for plant weight and its components using 
widely spaced plants would be mere accurate than selection using narrowly spaced 
plants.
x
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INTRODUCTION
Plant breeding programs, by their nature, require considerable manpower, time, 
and consistent long term funding. Among sugarcane (Saccharum sp. hyb.) programs, 
more money and land are devoted for sugarcane variety development than any other 
technical activity (Irvine, 1994). The time required to develop a sugarcane variety is 
defined as the time from when sexual seed o f the clone was planted to when the clone 
was released to the industry (Berding and Bull, 1997). Currently, it takes the Louisiana 
Sugarcane Variety Development Program (LSVDP) from 12 to 13 years to develop a 
new sugarcane variety (Milligan, 1994). By comparison, a public sugarcane breeding 
program in Florida requires a minimum of eight years (nine to ten years average) from 
crossing to release o f a new cultivar. This is one of the shortest cross-to-release times in 
the world (Miller, 1994).
Until 1991, selection in the initial stage within the LSVDP was highly subjective 
and practiced on individual plants without regard to families (Zaunbrecher, 1995). 
Beginning 1992, the LSVDP has used a replicated cross appraisal method which is 
intended for both family selection and progeny testing. The LSVDP cross appraisal test 
has two primary objectives. It allows initial selection among families using data from a 
replicated test so that individual clones may later be selected within the chosen families 
that are planted in larger, separate blocks. It also serves as a tool to predict the cross and 
parent potential by testing its genotypic value based on progeny performance.
Conflicting economic factors exert pressure on breeding programs to become 
more efficient and produce better varieties while reducing costs (Irvine, 1994). Milligan
1
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and Legendre (1991) indicated that the effectiveness and efficiency of a breeding 
program is limited by the quality o f unselected, source genotypes. They also remarked 
that the sugarcane cross appraisal method using percent progeny advancement through 
the early selection stages was slow, unreliable, possibly impeded by cross by 
environment interaction, and that the long delay between planting a cross and its 
evaluation wasted resources by the long retention and repeated planting of inferior 
crosses in the selection program. Their results suggested that cross by location 
interaction existed for stalk number, stalk length, stalk diameter, stalk weight, stool 
weight, Brix, pith, and tube.
Genotype by environment interaction negatively affects varietal selection 
decisions and may also negatively affect both family or cross evaluation and the 
ultimate development of stable cultivars. Family selection has recently been 
recommended and/or used in some sugarcane breeding programs as a method to 
augment individual clone selection in the early stages of selection among seedling 
populations (Bull et al., 1992; Jackson et al., 1995a). Zaunbrecher (1995) indicated that 
for the initial unselected stage of the LSVDP, family by location interaction was not 
significant for stalk height, stalk weight and plant weight.
Another important aspect in selecting families is to consider the factors affecting 
variability between and within those families and to determine whether it influences the 
breeder’s decision. Competition between neighboring plants will lead to ineffective 
selection. Individuals with high competing ability will tend to be chosen, and 
individuals will be discarded which, although capable o f good performance in pure
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3stand, have been adjacent to strong competitors and hence are phenotypically worse than 
they would be otherwise (George, 1965). According to Bos and Caligari (1995) plants 
or families with high competitive ability will be selected without taking into 
consideration that the superiority in a mixture o f genotypes cannot be expressed if the 
genotype is grown as a monoculture, and it is questionable whether genotypes with 
strong intergenotypic competitive ability will perform in a superior way when grown as 
monoculture. Breaux and Miller (1987) suggested that sugarcane seedlings should be 
spaced far enough apart within the row to be readily distinguishable from each other at 
selection time. Chang and Milligan (1992a) indicated that increasing the intrarow plant 
spacing significantly increased the cross mean and variance for plant weight and stalk 
length in plant cane and plant weight in the first ratoon crop.
Knowledge of the relationship among the various traits considered important in 
selection plays a very important role in the success of a sugarcane breeding program. 
This knowledge can be very important when planning strategies for breeding for a 
particular objective, as the strategy will vary according to the nature and importance of 
these relationships.
Many studies in sugarcane have reported estimates of genetic and/or phenotypic 
associations and the importance and implication of those results for the purpose of 
selection (Brown et al., 1969; James and Falgout, 1969; Legendre, 1970; James, 1971: 
Mariotti. 1971; Mariotti, 1974; Miller and James, 1975: Tai et al., 1980; Kang et al., 
1983; Kang et al„ 1984; Milligan, 1988; Sahi et al. 1987; Milligan et al„ 1990).
Mariotti (1971) indicated that phenotypic associations were most useful for the purpose
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4o f orientation rather than prediction while genetic associations were much more 
valuable in this sense.
The magnitude and direction o f the phenotypic and genetic associations among 
traits in sugarcane breeding programs are affected by the nature of the population under 
consideration, by the choice of individuals upon which the measurements are taken, and 
by the set of environments under which they are derived. Reported phenotypic and 
genetic correlations among sugarcane traits may have limited use under Louisiana 
conditions and breeding populations (Milligan et al., 1990).
To optimize the methodology for family selection in the LSVDP, the number 
and types of environments that should be used for efficient evaluation o f families have 
to be determined with LSVDP conditions and breeding populations. Therefore, the 
objectives o f this investigation were a) to analyze the influence of family by 
environment (year-location and intrarow plant spacing) interaction on the precision and 
the accuracy of cross appraisal testing in the LSVDP. b) to identify the most effective 
combinations o f environments to evaluate cross progeny, c) to estimate family 
repeatability by using the phenotypic correlation coefficients for a given trait between 
all possible pairs of three environments at two intrarow plant spacings, d) to conduct a 
study to analyze the mechanisms conditioning in the expression of a trait by using 
genetic correlations, e) to estimate phenotypic and genetic correlation coefficients 
among five agronomic traits, 0 to explore the nature of these correlations by using path- 
coefficient analyses showing how various components affect plant weight, and g) to 
develop a selection index for selecting sugarcane families within the LSVDP.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
REVIEW  O F LITERATURE
Family Selection
As defined by Falconer (1989), family selection means that entire families are 
selected or discarded as units on the basis of the mean phenotypic value. In sugarcane 
breeding programs, family selection replaces individual selection in the early stages of 
selection among seedling populations (Jackson et al., 1995a). This method is designed 
to select only the best families for a particular trait, as these are likely to provide the 
greatest number of superior clones at later stages of selection (Cox and Hogarth, 1993). 
Family selection is a plant breeding procedure which is not designed to produce families 
of commercial value, but to identify sub-populations with a higher proportion of 
superior individuals than the original unselected population (Skinner, 1982). Worthy 
families will, therefore, be identified and the rest discarded, so that new cultivars may 
later be sought by selection within the surviving families (Simmonds, 1996).
Chang and Milligan (1992a) suggested the use of progeny appraisal data to 
select among families before individual plant selection in the LSVDP. This appraisal 
method considers such things as the planting arrangement, transplanting logistics, 
arrangements for the sharing of the seed and/or seedlings between testing locations, 
constraints of manpower and seed availability, and the ease and type of data collection 
(Milligan and Legendre. 1991).
Chang and Milligan (1992a) showed considerable benefits of family selection to 
the LSVDP. They reported expected genetic gains consistently larger for an initial 50% 
family selection and subsequent 20% individual selection scheme than for simple
5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6individual selection at a 10% selection intensity. Zaunbrecher (1995) compared three 
combinations of family and within-family selection rates (75% & 13%, 50% & 20%, 
and 25% & 40%) to mass selection with 10% selection intensity. Even though the 75% 
family and 13% individual selection combination produced the highest gains for stalk 
height, stalk diameter, stalk weight, stalks per plant, and plant weight, the study 
concluded that family selection was possibly useful, but mass selection was almost as 
good.
Skinner (1982) emphasized the importance of measuring variances as well as 
means in the early evaluation trial, thus justifying the cost of obtaining data from 
individual genotypes within families in such a trial. Both Chang and Milligan (1992a) 
and Zaunbrecher (1995) have found that the variance within a family is quite stable and 
not variable enough to justify the expense of collecting the extra data needed for within 
family variance.
Skinner et al. (1987) reported estimates o f broad-sense heritability on an 
individual and on a family basis. Heritabilities on a family basis were relatively high for 
traits such as cane yield, Brix, Brix yield (t ha'1), net merit grade, stalk number, stalk 
length, rust resistance, and smut resistance. The implication is that in the early stages 
effective selection on a family basis can take place and may be the right approach.
Other reports also suggested that heritabilities on a family basis were generally higher 
for most traits than individual plant heritability, indicating that selection among families 
could be effective (Milligan, 1988; Chang and Milligan. 1992a). Latter (1964) 
considered that, when heritability on an individual basis was lower than of 0.5, family
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7selection was superior to individual selection. Another important factor in the efficacy 
o f family selection is the number of individuals in the families. The larger the family, 
the closer the correspondence between mean phenotypic value and mean genotypic 
value; therefore, the conditions favoring family selection are low heritability, little 
variation due to common environment, and large families (Falconer, 1989). Simmonds 
(1996) concluded that family selection is always favorable unless field experiments are 
too expensive or exceptionally good families occur at a high frequency.
Family by Environment Interaction
Environmental variance, i.e., all non-genetic variation, is a source of error that 
reduces precision in genetic studies (Falconer, 1989). Genotypes of most crop species, 
including sugarcane, may show a wide range of responses to different environmental 
conditions (McRae and Jackson, 1995). Skinner (1971) indicated that environmental 
effects on individual plants are very large in an unselected sugarcane seedling 
population, so it is necessary to select a fairly high proportion of the original seedlings 
to avoid discarding the superior ones.
In addition to increased selection rates, family selection provides a method for 
achieving progress when large environmental effects occur (Skinner 1971). Skinner 
(1971) reported that, in an unselected single sugarcane population, the genotypic 
variance may account for only 15% of the phenotypic variance, with 85% of the 
variance being due to environmental effects, thus making selection at this stage 
ineffective. Skinner (1971) pointed out that no amount o f careful selection can give 
much progress if  the genetic variance contributes only 15% of the phenotypic variance.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8A major practical advantage of family selection over individual selection is that 
it allows genetic material to be evaluated across years and sites (McRae and Jackson, 
1995), making it possible to identify more stable crosses while analyzing the magnitude 
of family by environment interaction. The importance of sugarcane family by 
environment interaction on selection efficiency has been documented by several 
breeders (Hogarth and Bull, 1990; Cox and Hogarth, 1993; Jackson et al., 1995a;
McRae and Jackson, 1995). Their studies suggested that, in some regions, the 
magnitude o f the family by location interaction was as important as family effects for 
cane yield, but not for sugar content. Family by crop-year was not important in all 
cases. A study by Milligan and Legendre (1991) suggested the existence of family by 
environment interaction in Louisiana, but its importance to cross appraisal and family 
selection has not been evaluated.
Hogarth and Bull (1990) examined the influence of genotype by environment 
interaction on evaluation of 35 families of sugarcane at three locations in both plant and 
ratoon crops and the implication that those interactions may have on the selection of 
sugarcane families. Family by environment interaction was highly significant for cane 
yield and sugar yield. The major component was the family by location interaction, 
although there were significant contributions from the family by crop-year interaction 
and the family by location by crop-year interaction. Genotype by environment 
interactions clearly affected selection. It was demonstrated that families that would 
perform well at one location may not be selected if initial evaluation is conducted at 
only the other location. If the nature and extent of the genotype by environment
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
interaction is sufficient to alter the ranking o f genotypes in different environments, then 
genotypic superiority is conditional on the environment and selection of better adapted 
genotypes becomes a difficult task (Eisemann et al., 1990).
Jackson et al. (1995a) suggested that the use of multisite testing of sugarcane 
families would be advantageous where genotype by environment interactions are large. 
They examined family by environment interactions in sugarcane in the Herbert Region 
of North Queensland, Australia, where genotype by environment interactions were 
known to be important (Hogarth and Bull, 1990). Their study found that family by site 
interaction existed for cane yield and sugar yield, with the components of variance for 
each being of similar magnitude to that for family main effects. They concluded that 
because of the importance of family by site interaction, gains from selection will 
improve with increasing numbers of sites used for evaluation. It was suggested that 
evaluation at only two sites with three replicates per site would represent a near optimal 
use o f resources.
Knowledge of key causal environmental factors would allow breeders to choose 
trial sites more effectively than they presently do (Jackson et al.. 1995b). Jackson et al. 
(1995b) from the same study in the Herbert Region of North Queensland. Australia, 
indicated that general growing conditions did not appear to be important in causing 
family by environment interactions. They suggested that soil nutrient levels, or factors 
related to these, may be responsible for family by environment interactions in sugarcane.
Zaunbrecher (1995) determined the magnitude of family by environment 
interaction and its importance to selection in an initial LSVDP unselected population.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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His study used progeny from 45 biparental crosses, two crops, and two locations. Cross 
by location mean squares were significant for stalk height, stalk weight, and plant 
weight in the plant cane crop and for stalk height in the combined analysis over crops. 
He found no significant family by location interaction in the unselected first ratoon 
population. The study suggested that family by location interaction in the initial 
unselected stage o f the LSVDP may be negligible.
Competition
Generally, the absence of competition between plants has been assumed both 
between and within plots (Nyquist, 1991). Nevertheless, Nyquist (1991) indicated that 
neighboring plants do compete for limited resources, but proper assessment o f the role 
of competition on variance components has not been attempted.
George (1965) examined the effect of competition at the microplot (single stool) 
stage of selection of a sugarcane breeding program. He found that the genetic variation 
within a group of clones will be increased by the presence of competition. As one 
variety gains in expression, its neighbor will lose, so that errors in selection will be: 1) 
varieties with high competing ability will tend to be chosen because o f exaggerated 
phenotypic expression, and 2) varieties will be discarded which, although capable of 
good performance in pure stand, have been adjacent to strong competitors and hence are 
phenotypically worse than they would be otherwise.
Sugarcane seedlings should be spaced far enough apart within the row to be 
readily distinguishable from each other at selection time (Breaux and Miller, 1987). 
Breaux and Miller (1987) indicated that intrarow spacings are optimized by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
experimentation and/or experience at each location where the seedlings are grown, and 
they varied from 25 cm to 90 cm among the different sugarcane variety development 
programs.
Chang and Milligan (1992a) examined plant spacing for its effect on plant 
weight variability. Wider intrarow plant spacing significantly increased cross variance 
for plant weight. The mean standard deviation of crosses for plant weight was larger in 
wider intrarow plant spacing than in narrow row plant spacing in both the plant cane and 
first ratoon tests. Their research suggested that the use o f wider intrarow spacing may 
improve the ability to discern among seedlings due to its enhancement of plant weight 
variability. Chang and Milligan (1992a, b) showed that family by spacing interaction 
was not significant, yet the genetic variance and the genetic coefficient of variation 
increased with wider spacing implying that a cross appraisal test may be successfully 
conducted at a different plant spacing than the regular selection program. Skinner et al. 
(1987) showed that in small plots competition may inflate the phenotypic, genotypic, 
and error variances.
Optimum Selection Environment
The choice of an optimum selection environment should be guided mainly by 
maximizing the expectation of genetic gain in the target environment, and by efficient 
resource allocation during the testing process (Igartua, 1995). However, the choice of 
locality for plant breeding research is often determined by chance and arbitrary factors, 
such as convenience, government policy, gifts of land to universities, etc. (Hamblin et 
al.. 1980). Whatever the situation, plant breeders are forced to make the best o f it by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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placing more emphasis on finding the appropriate environmental combination that 
would maximize genetic advance while representing optimal allocation of resources.
There are numerous possible combinations of selection rates, plot sizes, 
replications, years, and locations, and it is difficult to choose the optimum combination 
(Skinner et al. 1987). Vela-Cardenas and Frey (1972) used heritability and genetic gains 
from selection as indicators of the optimal environment. They indicated that an 
environment would be optimum if it maximizes heritability and genetic gain. Hamblin 
et al. (1980) suggested that an optimum selection environment for initial selection in a 
plant breeding program should have, among other things, the ability to consistently 
predict yield over a wide range o f environments, and facilitate easy identification of the 
best genotypes. Brown et al. (1983) concluded that an optimum selection environment 
is the one which meets the following criteria: expressiveness of the trait, maximum 
genetic variance, minimum environmental and genotype by environmental variance, 
accurate representation of the growing region of the entries included in the test, 
accessible environment for efficient and inexpensive testing of the entries, and 
consistency over years relative to the five previous criteria.
Repeatability
Kang et al., (1984) indicated that the effectiveness of selection of sugarcane 
clones would be enhanced if the character under selection is repeatable across 
environments. Falconer (1966) regarded two plants of the same clone as two 
individuals or as one individual replicated twice. He suggested the terms clonal 
repeatability and individual repeatability; the former refers to different plants of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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same clone, the latter to different parts of the same individual. It was also Falconer 
(1952, 1989) who suggested the use of genotypic correlations for a given trait between 
two different environments as a measure of genotype by environment interaction, but, as 
Kang et al. (1984) pointed out, genetic correlations in this fashion have not been 
commonly used in sugarcane breeding programs.
Most of the work in repeatability has been done to investigate trait repeatability 
from stage to stage in a sugarcane breeding program (Ladd et al., 1974: Miller and 
James, 1975). Since sugarcane is vegetatively propagated, a high degree of repeatability 
should be expected from stage to stage if environment has no effect. However, that is 
the exception rather than the rule. Generally, high repeatabilities have been reported for 
stalk diameter (Brown et al., 1968; James and Miller, 1971: Mariotti. 1974; Laddetal.. 
1974). whereas Smith and James (1969) and Kang et al. (1984) reported stalk number 
to have high clonal repeatabilities.
While phenotypic associations give a measure of clonal repeatability, genetic 
associations can give evidence o f the kind o f mechanisms involved in the expression of 
a trait. When the same trait is measured in two different environments, it can be 
regarded not as one trait, but as two different traits (Falconer, 1989). If genetic 
correlation for a given trait at two different environment is low. Falconer (1989) 
explained, the physiological mechanisms acting upon the trait in those environments 
would be to some extent different, and consequently the genes required for high 
performance of that particular trait are to some extent also different.
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Kang et al. (1984) reported intermediate to high (0.62 to 0.92) genetic 
correlations for stalk number indicating nearly similar genetic expression of stalk 
number in different environments. Although Mariotti (1974) reported almost the same 
genetic correlation values as Kang et al. (1984) did (0.62 to 0.91), he concluded that a 
different gene action seemed to be working in different environments. Genetic 
mechanisms in determining stalk weight at most locations were similar in both Kang et 
al. (1984) and Mariotti (1974) studies. The latter also indicated high genetic 
associations for stalk diameter. Individual repeatability o f a trait between the same 
clone in different crops has also being studied. High individual repeatabilities have 
been reported for stalk number (Tai et al., 1980; Kang et al. 1984), and for stalk weight 
(Tai et al.. 1980; Milligan, 1988).
High phenotypic associations between the same trait in two different 
environments would indicate good repeatability which may evidence that improvement 
made in one environment would be translated into improvement in the second 
environment. High genetic associations between the same trait in two different 
environments would indicate that the genetic mechanism(s) conditioning that trait in 
one environment would be the same in the second environment (Falconer, 1989). 
Genetic and Phenotypic Correlations
Generally, the results of quantitative genetic tests are summarized in terms of 
estimated variance components and ratios of these variance components, such as 
heritability and correlations (Dieters et al., 1995). Two traits may be correlated because
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they are controlled in part by genes which affect both traits or because they are 
controlled by different genes which are linked in the same chromosome (Baker. 1986).
Genetic and phenotypic correlations can be regarded as one of the most useful 
tools for plant breeders as they provide a great deal of information about the 
relationships between traits. This information may be used in the detection of favorable 
or unfavorable associations. If there is a high favorable correlation between two traits, 
selection for one trait will correspondingly result in selection for the other. On the other 
hand, a genetic correlation is said to be unfavorable or antagonistic when the correlation 
is mainly caused by pleiotropic genes where superior alleles for one trait are the inferior 
alleles for the other trait or when the correlation is mainly caused by non-pleiotropic 
genes linked in repulsion phase (Liu et al., 1997).
Phenotypic correlations and genetic correlations have been reported, either 
separately or together, by several authors (Brown et al., 1969; Hogarth, 1971: James. 
1971: Mariotti. 1971; Kang et al., 1983; Milligan et al., 1990). Brown et al. (1969) 
regarded phenotypic correlations as approximations o f the genetic correlations and 
indicated that whenever different mechanisms are operative at the genetic and 
environmental level those phenotypic correlations can be misleading.
Path Analysis
Breeding decisions based only on correlation coefficients may not always be 
effective since they provide only one-dimensional information while neglecting 
important and complex interrelationships among plant traits (Kang, 1994). Correlation 
coefficients simply measure mutual association without regard to causation, whereas the
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path coefficient analysis specifies the causes and measures their relative importance 
(Bhatt, 1973). Path coefficient analysis has been extensively used by plant breeders to 
enhance the usefulness o f the information obtained from correlation coefficients and to 
obtain precise information on those interrelationships to better assess the consequences 
of selecting for one or more traits. The purpose of the path coefficient analysis method 
is to partition a correlation coefficient into unidirectional pathways or direct effects (P) 
and indirect effects through alternative pathways.
Direct and indirect path coefficients were initially proposed by Wright (1921) 
and later described by Dewey and Lu (1959) and Li (1975) who helped popularize the 
procedure. Several studies addressing path coefficient analysis have been conducted in 
sugarcane (James. 1971; Miller, 1977; Kang et al.. 1983; Sahi et al.. 1987; Kang et al.. 
1989; Kang et al., 1991; Sukhchain and Saini, 1997). Many other studies have been 
carried out under the Louisiana environmental conditions (Gravois. 1988; Milligan,
1988; Milligan et al., 1990; Gravois et al., 1990; Gravois et al., 1991a, 1991b; Gravois 
and Milligan, 1992). Path coefficient analysis utilizes phenotypic or genetic correlation 
coefficients. Nevertheless, Kang et al. (1991) suggested that genetic correlation 
coefficients should be preferred since they can minimize the effect o f spurious 
associations in the phenotype resulting from artificially created relationships among 
traits.
Index Selection
In sugarcane breeding programs, selection for more than one trait is the rule 
rather than the exception. Cane and sugar yield are of primary importance, but several
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other agronomic traits, such as disease and insect resistance, lodging resistance, 
ratooning ability, local adaptation, etc. also need to be addressed if the released cultivar 
is to be useful to the grower and the industry.
Most of the traits of primary importance in sugarcane are quantitative in nature 
and not highly heritable. Furthermore, when selecting for a primary trait such as cane 
yield, the selection is being done for several secondary traits that influence the primary 
trait rather than for the primary trait itself. The genetic and phenotypic associations 
between those secondary traits are of practical interest since selection for one trait will 
have a simultaneous effect on the related traits. Understanding that improvement of one 
trait may cause improvement or deterioration in associated trait(s) serves to highlight the 
need for simultaneous consideration of all traits that are important in a crop species 
(Baker, 1986). Because most breeding programs are concerned with simultaneous 
improvement of several traits, the selection index has become the best alternative 
provided that reliable estimates of genetic and phenotypic variances and covariances are 
available and appropriate economic weights of each trait can be determined (Hallauer 
and Miranda, 1981).
Despite the advantages of selection indices, they have not been widely used by 
plant breeders. Several limitations are frequently associated with the use of selection 
indices in crop improvement. The most frequently mentioned limitations are: true 
population parameters are usually unknown and have to be estimated from samples 
(Campo and Velasco, 1989), the extensive effort required to obtain suitable, precise 
estimates o f the required variances and covariances (Baker, 1986), the difficulty of
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assigning relative economic weights to the traits (Pesek and Baker, 1969; Hallauer and 
Miranda, 1981), extra work involved in analysis and computation (Jackson et al.,
1995a), inefficiency when costs as well as results are considered (Skinner et al., 1987). 
and selection indices developed with data obtained from certain populations may not be 
totally applicable to another genetically different population (Kang. 1994).
Index selection is not being routinely used in sugarcane breeding programs and 
just a few studies have addressed its use in sugarcane (Miller et al., 1978; Simmonds 
and Walker, 1986; Pillai and Ethirajan, 1993; Jackson et al., 1995a; Ram et al.. 1997). 
However, these studies have suggested that selection indices can be useful for 
improving gains from selection in sugarcane populations.
Miller et al. (1978) reported the construction of the first selection indices for use 
in sugarcane selection. Selection indices were constructed using four sugarcane 
populations. The results of applying selection indices in the Florida sugarcane selection 
program were comparable with the standard selection procedure. In addition, data to 
construct selection indices were easier and cheaper to collect than the standard method.
Simmonds and Walker (1986) suggested the use of economic indices where 
profitability was the function to be maximized. The authors worked out an example 
using data drawn from Barbados, West Indies. The study focused on the use of 
secondary traits in the construction of economic selection indices for sugarcane 
selection.
A sample study was also presented by Pillai and Ethirajan (1993). Their work 
was carried out to construct and test the efficiency of selection indices at different stages
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of a sugarcane selection program. It was concluded that selection indices were highly 
efficient to select superior genotypes in a sugarcane hybrid population, especially at the 
seedling stage, where index scores showed good correlation with yield in the succeeding 
clonal stage.
Selection index methodology has also been used to determine an index 
coefficient to weight appropriately commercial cane sugar and cane yield to select 
sugarcane families in Australia (Jackson et al., 1995a). Results indicated a strong 
correlation between the index constructed and sugar yield, suggesting that under 
conditions similar to those in the study, selection based on sugar yield would be 
acceptable.
A general index involving number o f stalks per plant, stalk diameter, stalk 
length, and hand refractometer brix was studied in three populations of sugarcane 
seedlings (Ram et al., 1997). The selection index used in this study was either inferior, 
or similar, to selection criteria based on individual traits. Competition between 
neighboring seedlings and the magnitude and nature o f genetic correlations among 
component traits were mentioned as some o f the major factors affecting selection.
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MATERIALS AND METHODS 
Field Experiments and Data Collection
Twenty-five randomly selected biparental families from the Louisiana 
Agricultural Experiment Station (LAES)’s 1993 crossing series were used in this study 
(Appendix A). Crosses were made by research personnel at St. Gabriel Research 
Station in St. Gabriel, Louisiana.
Seeds were germinated in flats under greenhouse conditions in January 1994. 
Approximately three weeks after germination, seedlings were transplanted to 
Speedling”1 trays with 3.8 cm2 cells and cultured in the greenhouse. The progeny were 
then transplanted to the field in April 1994 at the St. Gabriel Research Station, and to 
the USDA Ardoyne Farm near Chacahoula, Louisiana. Seed and progeny for the same 
crosses were again planted and transplanted in January and April at the same farms in 
1995.
Individual plants from each cross were planted in a randomized complete block 
design using two blocks with a split plot treatment arrangement where the main plots 
were intrarow plant spacings o f 4 1 cm (standard at LSVDP) and 82 cm in rows 1.8 m 
apart. Subplots were families. Each subplot consisted of two rows with up to 16 
randomly selected seedlings per row.
Millable stalk number per plant, stalk length, and mid-stalk diameter were 
recorded in August 1995 from the progeny planted in 1994. and in August 1996 from 
the progeny planted in 1995. Data were collected in first ratoon cane, 16 months 
following each planting. Stalk length was measured from the stalk base to the first
20
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visible dewlap (leaf collar) of two random stalks in each plant. The same two stalks 
were measured for mid-stalk intemode diameter using a caliper. Stalk weight was 
estimated as the volume of the stalk assuming a perfect cylinder with specific gravity of 
one (Miller and James, 1974; Gravois et al., 1991a; Chang and Milligan, 1992a):
Stalk weight = d n r  L 
where the density d = 1.0 gm cm'3, r = stalk radius (cm), and L = stalk length (cm).
Plant weight was estimated as stalk weight times stalk number per plant.
Statistical Analyses
The full linear model analysis of variance assumed the following mixed model:
Y, , k t m n r  = P + E,+ B(E)I;+ S*+ ES,* + C,+ EC,, + SCt / + ESC,*,
+ R(BESC)„*,m + P(RBESC),;i/mn + €,,kimnp
where
Y l/i/mnp is the response of stalk p , plant n, row m. block j.  cross /, spacing k.
and environment /; 
p overall mean;
E, environment i effect (/ = 1,2, 3);
B(E),, block j  within environment / effect (y = 1. 2);
St intrarow spacing k effect (k = 1, 2);
ES, k the interaction o f environment by spacing;
C, family (cross) / effect (/ = 1 ,2 ,..., 25);
EC,, the interaction o f environment by family;
SCt/ the interaction of spacing by family;
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ESC, k i the interaction of environment, spacing, and family;
R(BESC),/t/m effect of row m within block j ,  environment /, spacing k, and family /
(/«= 1,2);
P(RBESC),/i/mn effect of plant n within row m within block j .  environment z, spacing
k, and family / (n = 1, 2, ...up to 16); 
e„kim«n Error term.
Variance components were estimated between and by intrarow plant spacing. 
Separation of genetic from environmental plant-to-plant variation was not possible for 
stalk number per plant and plant weight. For simplification o f the computational work, 
the P(RBESC),;*/mn was not included in the model when estimating family by spacing 
variance component. Variance components were estimated for each intrarow plant 
spacing for stalk length, stalk diameter, and stalk weight using the model without 
spacing and its interaction effects. Variance components estimation for stalk number 
and plant weight for each intrarow plant spacing used a model further constrained by not 
including the P(RBESC);/*/m„ term in the model.
Restricted maximum likelihood (REML) procedure (Henderson. 1984) was used 
to estimate genetic variance components (SAS, PROC MIXED. 1996). REML-based 
estimates have been shown to be asymptotically normal, consistent, and asymptotically 
efficient as the design size increases (Hartley and Rao, 1967). Commonly, a normal 
distribution is assumed. Nevertheless, it has been demonstrated that REML-based 
estimators are robust to violations of this assumption (Banks et al., 1985).
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Environments and spacings were considered fixed effects, whereas crosses, 
blocks, and rows were considered random effects. Variance components were used to 
estimate family coefficient o f variation, broad-sense heritability, gain from family 
selection, and correlated response to selection for the same trait in different spacings. 
The family coefficient of variation was calculated as the square root of the cross 
variance expressed as percent of the mean. Family coefficient of variation is a unitless 
measure that represents an index of the potential genetic variability in populations 
similar to the one being studied (Burton and DeVane, 1953), and facilitates comparisons 
between traits with different units and scales (Gravois and Milligan. 1992). Broad sense 
heritabilities (hh: ) were reported on a family-mean basis, assuming one environment, 
two blocks, and two rows per plot (standard procedure). For stalk number per plant and 
plant weight, sixteen plants per row were assumed, while for stalk length, stalk 
diameter, and stalk weight five plants per row and two stalks per plant were assumed 
(standard procedure). Standard errors of heritabilities were calculated using 
Dickerson's approximation (Dickerson, 1969). Genetic gain from family selection (G) 
was also expressed as a proportion of the general mean to allow comparison between 
traits. It was estimated as:
G = i hH: op 100 /  y
where y ~is the general mean. The phenotypic standard deviation (o^) was equated to the 
square root of the denominator of the appropriate heritability. Two hundred families 
were assumed and a 50% selection intensity with / = 0.795 (Becker, 1992) was used.
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One useful way to determine the effect of genotype by environment interaction 
is to assume a trait measured in two different environments as two different traits and to 
estimate the genetic correlation between them (Falconer, 1989). Family genetic 
correlations (rK) between the same trait at different spacings were used to estimate 
family by spacing interaction. Family genetic correlations were calculated from 
variances and covariances as:
^  f x n  rw  l  & x n  .nv ^ ® x n  ^ x w
where rg(miwl is the family genetic correlation between the trait x  at different spacings. 
cr „ m is the genetic covariance between the trait .t at different spacings, axn is the 
genotypic standard deviation for trait .r at narrow intrarow spacing, and an is the 
genotypic standard deviation for trait .t at wide intrarow spacing. Interaction is 
considered extant when the genetic correlation is significantly less than one. Correlated 
response to selection for the same trait at different intrarow spacings was estimated as:
C R  xii w  1 tw  ^ x w  h xn C r  ixn  m v  @pn
where CR xn tw is the correlated response to selection in trait x at narrow intrarow 
spacing due to selection in the same trait at wide intrarow spacing, is the selection 
intensity applied in trait x at wide intrarow spacing, hm and htn are the square root of 
heritability for the trait x  and both intrarow spacings, and apn is the phenotypic standard 
deviation in trait .t at narrow intrarow spacing. The efficiency of indirect compared to 
direct selection (Falconer, 1989) was estimated as the predicted proportion o f direct 
advance (PDA) assuming constant (50%) intensity of family selection between intrarow 
spacings (Mirzawan et al., 1993). The PDA was calculated as:
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PDA„ „  = rl(/xnxwl hm / h Jn 
where PDAxw m is the ratio of predicted indirect response in narrow intrarow spacing 
from selection in wide intrarow spacing over predicted direct response to selection in 
narrow intrarow spacing.
Repeatability Analysis
Family mean data were computed on total number of stalks per plant, stalk 
length, stalk diameter, stalk diameter, and plant weight. Data were obtained from the 
first ratoon crop of seedlings. Phenotypic and genetic correlations for a given trait 
between different environments were determined among the three possible pairs of 
environments and for each intrarow plant spacing.
The phenotypic and genetic correlations (r) have been estimated as follows:
where o , r „ is the estimated covariance between the environment x  and the environment 
y  of the trait /, o, T and o, v are the standard deviations of trait Approximate standard 
errors of the genetic correlations were estimated as (Falconer, 1989):
S.E.r
1 - r_g  ‘ *  y
g  i * y
\
S.E. ht x S.E. ht 
* ,,2 * , ,2
where rgl . is the genetic correlation between the trait / in environments .t and y, 
respectively: S.E. h,x and S.E. hlv are the standard errors of the heritability of the trait /
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in environments x and y, respectively; and h,x2 and h,;  are the heritabilities of trait i at 
environments x  and y, respectively.
Approximate standard errors of the phenotypic correlations were estimated as 
(Efron and Tibshirani, 1993):
S.E. r_ p  /  x  y
P 1 x y
where rpi xy is the phenotypic correlation between the trait i at environments x andy. and 
.V is the number of observations for trait / in each environment (iV=50).
Genetic and Phenotypic Correlations
Using family mean data, covariance components between all possible pairs of 
traits were estimated (Appendices B and C). Mean product expectations are analogous 
to the mean squares expectations for the analysis of variance. Thus, estimates of 
phenotypic and genetic covariance components were derived in the same fashion as for 
variance components by using product moment method.
Genetic and phenotypic correlations on a family mean basis, between the traits, 
were computed as:
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where o ,, is the genetic or phenotypic covariance between traits / and j ,  o ,2 is the 
genetic or phenotypic variance for trait /, and o ;2 is the genetic or phenotypic variance 
for trait j.
Path Analysis
Phenotypic and genetic path coefficients were obtained by the simultaneous 
solution of the following equations:
P | 4  +  r i : P : 4  +  r i 3  P*3 4 =  r i 4
r l 2  P l 4  +  P ’ 4  +  r 2  3  f * 3 4  =  r 2 4  
r l 3  f * l 4  +  r 23  P>2 4  +  F>3 4  =  r 34
P represents path coefficients while r denotes correlation coefficients between the pairs 
of the following traits: stalk number per plant (1), stalk length (2), stalk diameter (3), 
and plant weight (4). Expressed in matrix form, the above equations can be written as 
follows:
r P = c
and the direct path coefficients Pl4 (i = 1,2, 3) can be estimated as follows:
P = r >c
where P is the vector of direct path coefficients, r' 1 is the inverse of the correlation 
matrix of the traits, and c is the correlation vector o f traits one to three with four.
Indirect path coefficients were calculated as described by Dewey and Lu (1959) 
using a priori defined set of cause-and-effect relationships. The unaccounted for direct 
residual effect (PX4) that influenced plant weight was calculated as follows:
PX4 = [1 -  coefficient of determination (R2) ] 1
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the coefficient of determination was calculated as follows:
R  -  P ' |  4 +  P  24  +  P  34 +  2  P i  A T| 2 P 2 4  + -  P |  4 r | 3 P3 4 +  2  P 24 T, 3 P 34
Selection Indices
To construct an optimum selection index, one needs the genotypic and 
phenotypic variances and covariances, and the relative economic values or weights o f all 
traits (Kang, 1994). Symbolically, a selection index (I) takes the following form:
I = b, X, + b2 X2 + .........+ b„ Xn
where X, represents the observed phenotypic value of the i,h trait, and b, represents the 
weight assigned to that trait in the selection index.
Selection indices were estimated as:
b = P ' G a
where b is the vector of index coefficients, P ' 1 is the inverse of the phenotypic variance- 
covariance matrix. G is the genotypic variance-covariance matrix, and a is a vector of 
relative economic values or weights (Smith, 1936; Brim et al., 1959; Baker. 1986;
Kang, 1994). Phenotypic and genotypic variances and covariances were the same as 
used to compute phenotypic and genotypic correlations.
Twenty-six indices were constructed for each intrarow plant spacing using 
different trait combinations. Selection indices were constructed according to Smith 
(1936). as illustrated by Brim et al. (1959). Plant weight was taken as the final product, 
therefore, a relative economic weight of one was assigned to plant weight and zero to all 
other traits.
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Expected genetic advance (EGA) from selection was estimated as (Brim et al., 
1959; Miller etal., 1978; Kang, 1994):
( „ V*
EGA = 0.795 Y b  Gi i
\*-‘l
where 0.795 is the value corresponding to a selection intensity (/) of 50 % assuming 
200 families (standard procedure), b, equaled phenotypic weights and G, equaled 
genotypic variance-covariance. An index relative efficiency (IRE) was estimated based 
on the assumption that the efficiency of EGA, when selection is based on plant weight 
alone, is 100. The index relative efficiency only compares the predicted gain of an 
index to selection for plant weight alone within the same plant spacing.
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RESULTS AND DISCUSSION
Coefficients o f variation for plant weight and stalk number per plant were 
greater in the narrow spaced population than in the wide spaced population (Table 1). 
Coefficients o f variation for stalk weight, stalk diameter, and stalk length did not appear 
to be affected by spacing. The sources of variation for either data set were exactly the 
same except for the spacing factor; therefore, any discrepancy in variability between the 
narrow-wide empirical distributions should be attributable to microenvironment 
differences due to competition effects.
The 1995/1996 winter freezes severely damaged the plant population at St. 
Gabriel Research Station. Although data were collected at this location, it was decided 
not to use them in the combined analysis since competition from plant spacing was a 
prime consideration in the experiment. It was observed though that a larger percentage 
of the wide-intrarow-spaced-plants than the narrow-intrarow-spaced-plants survived 
(Table 2). Moore (1987) indicated that the ability of a clone to tiller well following 
adverse winters relied upon the population size of underground buds. Wide spaced 
intrarow plants consistently had more plants per location and between 35.8 and 79.3% 
more stalks per plant than narrow spaced plants (Table 2). More stalks per plant 
presumably indicate large populations o f underground buds, which can be one of the 
reasons for the better survival of the wide spaced plants.
Variance components showed that variation of stalk weight, stalk diameter and 
stalk length was mainly explained by variation among plants within families followed 
by variation between stalks within a plant (error term) and by variation among families
30
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Table 1. First ratoon means, standard deviations and coefficients of variation for cane yield 
components of 25 biparental sugarcane families measured at two locations and two years.
Plant
spacing
Cane yield com ponents!-
Location Year Plant
weight
Stalks
p lan t'1
Stalk
w eight
Stalk
d iam eter
Stalk
length
kg no. kg mm cm
Ardoyne
Farm
1995 Narrow 5.99=4.57
(76.34)
9.29±6.08
(65.38)
0.63 ±0.26 
(41.98)
20.71=3.47
(16.74)
176.1=31.5
(17.91)
Ardoyne
Farm
1995 W ide 9.46±5.77
(60.96)
14.61 ±7.25 
(49.60)
0.64=0.26
(40.69)
21.25=3.41
(16.05)
170.4=32.4
(18.99)
Ardoyne
Farm
1996 Narrow 5.25±4.35
(82.95)
8.96±6.19
(69.06)
0.56=0.23
(41.95)
21.01=3.53
(16.81)
153.1=31.2
(20.40)
Ardoyne
Farm
1996 W ide 6.84±5.13
(74.99)
11.64±6.97 
(59.91)
0.56=0.24
(42.35)
21.22=3.42
(16.11)
150.7=30.5
(20.21)
St. Gab. 
Res. Stn.
1995 N arrow 5.44±4.35
(80.02)
10.38±6.86
(66.09)
0.50=0.21
(40.87)
20.65=3.24
(15.68)
143.3=30.7
(21.44)
St. Gab. 
Res. Stn.
1995 W ide 9.38=6.14
(65.52)
16.64±7.96
(47.87)
0.55=0.24
(43.26)
22.17=3.61
(16.30)
135.3=28.6
(21.17)
St. Gab. 
Res. Stn.
1996 Narrow 5.01=4.03
(80.48)
9.16±6.26
(68.30)
0.53=0.22
(40.73)
23.51=3.50
(14.88)
118.0=29.2
(24.72)
St. Gab. 
Res. Stn.
1996 Wide 6.62=5.42
(81.89)
12.48=8.11
(65.07)
0.51=0.22
(44.32)
23.50=3.79
(16.14)
111.3=26.9
(24.19)
Ardoyne
Farm
Mean Narrow 5.67=4.49
(79.25)
9.15±6.12 
(66.95)
0.60=0.25
(42.41)
20.84=3.50
(16.78)
166.2=33.4
(20.10)
Ardoyne
Farm
Mean Wide 8.31=5.65 
(67.91)
13.32±7.28
(54.66)
0.60=0.25
(41.83)
21.24=3.41
(16.07)
161.8=33.0
(20.41)
St. Gab. 
Res. Stn
Mean Narrow 5.31 ±4.26 
(80.25)
10.02±6.71
(66.95)
0.51=0.21
(40.91)
21.48=3.56
(16.57)
135.9=32.4
(23.82)
St. Gab. 
Res. Stn.
Mean Wide 8.44±6.05
(71.71)
15.2U 8.25
(54.26)
0.53=0.23
(43.77)
22.63=3.73
(16.47)
127.1=30.3
(23.83)
Mean Mean Narrow 5.51±4.40
(79.75)
9.53=6.40
(67.17)
0.56=0.24
(42.69)
21.12=3.54
(16.76)
153.0=36.2
(23.67)
Mean Mean W ide 8.37±5.83
(69.69)
14.18=7.80
(54.97)
0.57=0.25
(43.10)
21.87=3.63
(16.58)
146.0=36.2
(24.79)
Mean Mean Mean 6.99±5.38
(76.98)
11.94=7.52
(63.03)
0.57=0.24
(42.93)
21.51=3.60
(16.75)
149.4=36.4
(24.35)
t  Mean ± standard deviation (coefficient o f  variation).
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Table 2. Total number of plants and total number of stalks at the moment the trials were 
measured, eighteen months after planting, at two intrarow plant spacings.
Environm ent / spacing
Total num ber o f  plants Total num ber o f  stalks
Narrow Wide Narrow Wide
A rdoyne Farm 1995 1,434 1,474 13,325 22,540
St. Gab. Res. Stn. 1995 1.379 1,440 14.312 23,957
A rdoyne Farm 1996 1,089 1,138 9,753 13.247
St. Gab. Res. Stn. 1996 568 748 5,202 9,325
Total 4,470 4,800 42,592 68,069
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(Table 3). Among families, variance for stalk weight, stalk diameter and stalk length at 
narrow spacing was 19.6, 15.8. and 37.8% of the within family variance versus 25.9, 
17.8, and 43.8% at wide spacing. This indicated a considerable plasticity in the range of 
family performance at different spacings. It also showed that variation among families 
planted at wide intrarow plant spacing increased compared to narrow spaced families 
without "taking a toll” on the within variance but on the residual variance. In the case 
of stalks per plant and plant weight, between 90 and 97% of the total variation was 
attributable to the error term which includes the environmental and plant-to-plant 
variation (Table 4). Simmonds (1996) indicated that, for a purely additive model, 
genetic variances among and within families should theoretically be identical, whereas 
for complete dominance, within genetic variance shouid be greater than between 
genetic variance. He assumed that competitive effects between individual neighbors 
within families canceled out. This work showed that within family genetic variances 
were always greater than among families genetic variances. Even though the total 
genetic variation for stalk per plant and plant weight was mainly due to within family 
variation, it is clear that, for both traits, variation among families was significant and 
that for wide spaced family variance more than doubled in relation to the total genetic 
variation as compared with the narrow spaced families. Coefficients of variation were 
higher in narrow than in wide spaced plants for plant weight and stalk number per plant. 
However, family variance for the same traits was higher in wide than in narrow spacing. 
Within family variation in narrow spacing affected among families variation by masking 
the differences among families probably due to competition effects between individuals
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Table 3. Variance components, means, family coefficient of variation, and gain from family 
selection using different scenarios for stalk length, stalk diameter and stalk weight at two 
intrarow spacings.
Stalk weight Stalk diameter Stalk length
Source/plant spacing Narrow Wide Narrow Wide Narrow Wide
Family! F) 6019.77 8857.35 1.13
m m :--------
1.32 188.63
c m ;-----------
228.99
±1974.39** ±2718.65** ±0.35** ±0.43** =60.91** =69.53’ *
Family x Environment!E)t 1330.79 277.13 0.07 0.17 30.12 7.03
=518.47* ±393.96 ±0.07 ±0.10 = 14.53* =8.22
R ep(F  E) 98.16 256.06 0.00 0.06 33.87 12.75
±420.35 ±512.62 ±0.09 ±0.10 ±12.55** ±9.98
Row (F E rep) 466.61 1167.55 0.14 0.18 20.11 32.97
±460.39 ±540.63* ±0.10 =0.11 ±8.37* ±9.42**
Plant (F E rep row) 30675.63 34170.72 7.12 7.41 498.54 523.23
±1118.56** ±1152.12** ±0.25** ±0.25** ±16.59** ±15.49**
Residual 27454.33 27316.61 5.35 5.60 321.59 255.65
±641.40 ±613.47 ±0.13 ±0.13 ±7.60 ±5.78
------------- g -------------- ------- m m ---------- -------- c m ------------
Mean 562.76 583.29 20.77 21.57
0/_
158.06 152.38
Family CV 13.79 16.13 5.11
O — — — — — —
5.33 8.69 9.93
Gain, (E=1.R=2.W=2.P=5.S=2): 8.62 11.04 3.29 3.38 5.74 7.10
Gain. (E= 1 ,R=2. W=2.P= 10.S= 1) 8.98 11.46 3.48 3.54 5.87 7.27
Gain, (E=2.R=2. W= 1 ,P= 10.S= 1) 9.35 11.57 3.52 3.64 6.15 7.36
Gain, (E= 1 ,R=4. W= 1 ,P= 10.S= 1) 8.99 11.50 3.48 3.56 5.97 7.31
Gain, (E=2.R=2. W=1 ,P=5,S=2) 8.94 11.14 3.32 3.46 6.00 7.19
*. ** Different from zero at P-.i0.05 and PsO.OI level o f significance, respectively.
tEnvironm ent refers to St. Gabriel Research Station 1995. Ardoyne farm 1995 and Ardoyne farm 1996.
JGain from selection is expressed as percentage o f the mean and assumes 50% selection intensity. 200 families. E. R. W. 
P. and S refer to number o f environments, replications per environment, rows per replication, plants per row. and stalks 
per plant measured.
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Table 4. Variance components, means, family coefficients o f variation, and gain from 
family selection using different scenarios for stalk number and plant weight at two intrarow 
spacings.
Plant weight Stalk num ber per plant
Source/plant spacing Narrow W ide Narrow Wide
If <7 “ ________ (c tIk e  nlfint 'h  * . . . . . . . .Kg ----------------- ^MalKo pidlll )
Family(F) 0.8 II 2.767 0.821 2.325
± 0.282** ± 0 .886** ± 0 .328* — 0.779**
Family x environm ent(E )t 0.109 0.035 0.111 0.095
± 0.097 ±0.151 ± 0 .1 8 0 ±0.221
Rep(F E) 0.000 0.000 0.000 0.000
± 0.000 ± 0.000 ± 0.000 -  0.000
Row(F E rep) 0.000 0.339 0.000 0.000
± 0.000 ± 0.244 ± 0.000 ± 0.000
Residual 18.744 29.840 39.817 52.882
± 0.429 ± 0.688 ± 0 .9 1 0 ± 1.186
. cfnlLrc nlnnt ^ . . . . . . . .Kg ------------------ 1 jld lh j Ululll ••••••••
Mean 5.586 8.693 9.582 14.498
. o/0 -----------
Family CV 16.122 19.135 9.456 10.517
G ain I(E= 1 ,R=2, W =2,P= 16){ 10.486 13.816 5.461 7.074
G ain, (E=2.R =1,W =2.P=16) 10.723 13.850 5.563 7.125
G ain, (E =2,R =2,W =I,P=16) 10.723 13.850 5.563 7.125
G ain4 (E = l.R = 2 .W = l,P = 32) 10.486 13.643 5.461 7.074
G ain, (E = 2 .R = I,W = l,P = 32) 10.723 13.678 5.563 7.125
*, ** Different from zero at P<0.05 and PsO.Ol level o f  significance, respectively. 
tE nvironm ent refers to St. Gabriel Research Station 1995, A rdoyne farm 1995 and Ardoyne farm 1996. 
JG ains from selection are expressed as percentage o f  the m ean and assume 50% selection intensity and 
200 families. E. R. W, and P refer to num ber o f  environm ents, replications per environment, rows per 
replication, and plants per row measured.
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within a cross. In contrast, Hogarth (1971) concluded that competition among families 
had no effect on the estimation o f variance components, but suggested that competition 
between neighboring plants within a family could be important.
In narrow intrarow spacing, family by environment variance components were 
significantly different from zero for stalk weight and stalk length, but their magnitude 
represented just 22.11 and 15.97% of their respective family main effect (Table 3). By 
contrast, in wide intrarow spacing, the family by environment variance components 
were not significantly different from zero for any trait (Tables 3 and 4). The lack of a 
significant family by environment interaction variance component in a wide space test 
indicated that such a yearly test would be enough to identify families with high genetic 
potential. On the other hand, the existence of significant family by environment 
interaction variance component for stalk weight and stalk length in narrow spaced 
families indicated that family values estimated under such an intrarow plant distance 
were less reliable than the ones estimated in wide intrarow spacing. Narrow planted 
families with the best performance in one year-location may not be the superior ones in 
the next year-location environment. Fortunately, narrow spaced family by environment 
variance components for stalk weight and stalk length accounted just for 2.01 and 
2.76% of their respective phenotypic variance. Zaunbrecher (1995), who used 45 
families, also indicated the absence o f family by environment interaction and suggested 
that family evaluation in Louisiana needed only to be conducted at one location.
The family coefficient o f variation, which is a good measure o f the relative 
genetic variability available for selection, increased with wider intrarow spacing as
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compared with narrow intrarow spacing (Tables 3 and 4). Regardless o f intrarow 
spacing, the family coefficient of variation was largest for plant weight and stalk weight, 
intermediate for stalk number and stalk length, and smallest for stalk diameter.
Although the actual genetic variability should be the same among families in spite of 
intrarow plant spacing, wide intrarow spacing provided a less competitive environment 
in which plants, thus the families, could better express their potential. There is a lower 
physical limit for the plant to fully express its phenotype in a narrow-space planted row 
than in a wide-space planted row. The narrow spacing commonly crowds plants 
together so that the potential stalk number per plant is not maximized. Sugarcane has. 
as most grasses do, a large tillering capacity that makes stalk number per plant one of 
the most important yield components (Lyrene at al., 1977). Even though competition 
for resources determines an upper limit to the number of surviving tillers in 
monoculture. Lyrene et al. (1977) indicated that clones that tillered well in a spaced test 
showed a strong tendency to produce high stalk populations in monoculture (r = 0.69).
Family by spacing interaction was not important as evidenced by the genetic 
correlations o f family means for the same trait at different spacings (Table 5) and family 
by spacing interaction variance component analysis (Table 6). Genetic correlations 
were essentially one. Chang and Milligan (1992a) examined intrarow plant spacings for 
its effect on plant weight variability. They showed that family by spacing interaction 
was not significant, yet the genetic variance and the genetic coefficient o f variation 
increased with wider spacing.
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Table 5. Family genetic correlations of the same trait between plant spacings, broad-sense 
heritabilities on a family-mean basis, correlated response to selection based on wide test 
plant spacing to improve narrow spaced family means, and predicted direct advancement 
for five traits.
S ta tis tic
P lant
w eigh t
S ta lk
n u m b er
S ta lk
w e ig h t
S ta lk
d ia m e te r
S ta lk
leng th
Family genetic correlations between plant spacings
"^g(xn xw| 0.997 1.007 1.037 1.015 1.016
Broad-sense heritability on a family-mean basist
N a rro w  p la n t sp ac in g 0.669 
± 0.232
0.528
±0.211
0.618 
± 0.203
0.656 
± 0.205
0.689 
± 0.223
W id e  p lan t sp a c in g 0.825 
S 0.258
0.716 
± 0.240
0.741 
± 0.228
0.635 
± 0.205
0.809 
± 0.246
Correlated response to 
selection
- %  o f  m ean
D irec t re sp o n se  in n a rro w  sp ace  10.486 5.461 8.615 3.291 5.735
D irec t re sp o n se  in w id e  space 13.816 7.074 11.038 3.375 7.099
In d irec t re sp o n se^ 11.600 6.408 9.783 3.340 6.308
Predicted Direct Advance —  u n itle s s  -
T es t w id e -se le c t n a rro w 1.107 1.172 1.136 0.999 1.100
t  F am ily -m e a n  b as is  a ssu m ed  o n e  env iro n m en t, tw o  rep lic a tio n s , an d  tw o  row s p e r  rep lic a tio n . 
F o r  s ta lk  n u m b e r  p e r p lan t and  p lan t w e ig h t it assum ed  s ix teen  p la n ts , w h ile  fo r s ta lk  leng th , s ta lk  
d ia m e te r  an d  s ta lk  w e ig h t it a ssu m ed  it a ssu m ed  fiv e  p lan ts  w ith  tw o s ta lk s  p e r p lan t w ere  
m e a su re d .
X  P red ic ted  in d irec t re sp o n se  in n arrow  in trarow  p lan t sp ac in g  by  se lec tin g  in w id e  in tra row  
p la n t sp ac in g .
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Table 6. Variance component estimates for plant weight and contributing traits including 
the spacing term in the model.
Source
Plant
weight
Stalk
num ber
Stalk
weight
Stalk
diam eter
Stalk
length
kg: (st. plant 1 )2 g: m n r cm :
Family (F) 1.445 1.421 7398.657 1.225 202.644
±0.502** ± 0.494** ±2287.146** ±0.378** ±62.908**
F x Spacing (S) 0.330 0.124 146.965 0.012 6.116
±0.149* ±0.120 ±217.206 ±0.040 ±4.849
F x Environm ent (E) 0.065 0.183 535.888 0.067 20.180
±0.084 ±0.128 ±306.217 ±0.056 ±7.448
F x E x S 0.045 0.000 308.765 0.060 0.000
±0.104 ±0.000 ±342.832 ±0.070 ±0.000
Rep (F E S) 0.000 0.000 118.746 0.031 21.817
±0.000 ±0.000 ±339.023 ±0.070 ±7.020**
Row(F E S Rep) 0.000 0.000 898.001 0.156 26.153
±0.000 ±0.000 ±375.471* ±0.077* ±6.403**
Residual 24.529 46.425 48695.03 10.378 682.735
±0.393 ±0.741 ±802.094 ±0.171 ±11.251
*. ** Different from zero at P<0.05 and PsO.Ol level o f significance, respectively.
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Spacing may not strongly affect family ranks, but it would affect individual 
performance and individual selection effectiveness within a family. It has been 
demonstrated that highly competitive clones are not always superior clones in 
monoculture. Burgess and Shaw (1974) quoted unpublished work by Rao who showed 
that plant survival in bunches (multiple plants hilled together), a highly competitive 
environment, is not necessarily due to superior competitive ability by desirable clones 
and that superior clones may be lost. Burgess and Shaw (1974) concluded that bunches 
of 4 and 8 seedlings were relatively inefficient due to the chance of including one or 
more highly competitive clones, therefore decreasing the opportunity o f survival of 
desirable clones. Even though family by spacing interaction was not statistically extant, 
the desirability of family/individual selection under narrow versus wide intrarow 
spacing is debatable. Plants with high interplant competitiveness may not be desired in 
monoclonal population.
Predicted gain from selection is the bottom line to evaluate a testing scenario. 
Plant breeders use variance components derived from relevant populations and 
environments to guide them to allocate resources (Swallow and Wehner. 1989;
Milligan. 1994; Jackson et al., 1995a). Gains from selection, assuming different 
scenarios, are presented as a percentage of the mean and are based on several 
combinations o f environments, replications, rows, plants per row, and stalks per plant 
(Tables 3 and 4). Each scenario assumed 200 families and 50 % selection intensity. 
These scenarios represent similar levels of resource inputs as those currently used at the 
LSVDP. Estimates of predicted responses to selection indicated that testing families
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either in two environments, two replications per environment, one row per plot, and 16 
plants per row (E=2, R=2, W=l, P=16) or in two environments, one replication per 
environment, two rows per plot, and 16 plants per row (E=2, R=l, W=2, P=16) would 
represent near optimal allocation of resources for selection for stalk number per plant 
and plant weight (Table 4). Two locations, two replications per location, one row per 
plot, 10 plants per row, and one stalk per plant (E=2, R=2, W =l, P=10, S=l) would be 
the best scenario for stalk length, stalk diameter, and stalk weight (Table 3). Since 
family by environment variances were minor compared to other sources o f variation, 
testing scenario effectiveness was mostly a function of plant number and spacing. 
Replication across environment only marginally improved selection effectiveness. 
Alternative arrangements of environment, replication, row, plant, and stalk number gave 
only slight improvement over the current method. Regardless of the scenario, results 
showed an increase in predicted gain by the use of wider intrarow spacing instead o f the 
standard spacing currently used (Tables 3 and 4). Predicted gain for almost all traits 
demonstrated a 20 to 31 % increase in selection effectiveness by using widely spaced 
plants, the only exception was stalk diameter which showed between 2 and 4 % increase 
across scenarios.
An optimal selection environment is one that maximizes heritability and the 
genetic gain from selection (Vela-Cardenas and Frey, 1972). Broad-sense heritabilities, 
direct response to selection, and indirect response to selection are presented in Table 5. 
Generally, no single environment provides maximum heritability and response to 
selection for all traits. Our results showed that the relative worth of wide spacing for
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maximizing heritability and response to selection was consistent for all traits, except 
stalk diameter on which intrarow plant spacing has no effect.
Indirect response to selection is selection applied to some trait other than the one 
it is desired to improve (Falconer, 1989). Assuming a trait under two different intrarow 
plant spacings as two different traits, the indirect response in narrow space when 
selection is applied in a wide space environment was estimated. Indirect response 
values were higher than the ones obtained by directly selecting in narrow spaced 
families (Table 5). Indirect response was more efficient than direct response in four of 
five traits. Efficiency ranged from about 0.999 < PDAs 1.172. Stalk number and stalk 
weight had the highest efficiency, followed by plant weight and stalk length. There was 
no advantage of indirect selection for stalk diameter.
Results from this study strongly suggest that selection o f sugarcane families 
using widely spaced plants would be more accurate than selection using narrowly 
spaced plants. These findings provide support for Chang and Milligans’ (1992a) 
hypothesis that the LSVDP cross appraisal test may be improved if conducted at a wider 
plant spacing than that currently used in the selection program. Land availability 
constraints will likely restrict the use o f wider spaced plants to progeny tests. The use 
o f widely spaced plants in the cross appraisal test to select the best families and 
individual selection under standard interplant spacing seems likely to be the best 
compromise under present conditions. The data obtained from a wide spaced cross 
appraisal test will better predict the quality o f the parents used in crosses, and the
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crosses to be made, planted and selected, and hence improving the efficiency of the 
Louisiana Sugarcane Variety Development Program.
Repeatability
Hansche and Brooks (1965) working on sweet cherry used the terms temporal 
and spatial repeatabilities for measurements taken on the same tree during different 
years and measurements taken in the same year among trees of the same genotype. 
Mariotti (1974) introduced this approach as a measure of space repeatability in 
sugarcane. The terms spatial and temporal repeatabilities apply to the present study and 
are used as follows: phenotypic correlations for a given trait between Ardoyne farm 
1995 and Ardoyne farm 1996 are a measure of temporal repeatability. Phenotypic 
correlations for a given trait between Ardoyne farm 1995 and St. Gabriel Res. Stn. 1995 
are a measure o f spatial repeatability, and phenotypic correlations for a given trait 
between Ardoyne farm 1996 and St. Gabriel Res. Stn. 1995 are a measure of spatial- 
temporal repeatability.
Repeatability values (Table 7) at both intrarow plant spacings were reasonably 
high compared to other studies (Smith and James. 1969; Mariotti, 1974; Miller and 
James. 1975; Kang et al.. 1984). Phenotypic repeatability is commonly used to 
determine gain in accuracy to be expected from multiple measurements of a trait 
(Falconer. 1989). When the repeatability value is high, multiple measurements are not 
necessary since they will provide little gain in accuracy.
Except for stalk diameter, phenotypic repeatabilities were higher for correlations 
determined in wide intrarow plant spacing than for those computed in narrow intrarow
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Table 7. Family-mean phenotypic correlations of the same trait between different 
environments at two intrarow plant spacings.
Environments compared
Trait Spacing Ardoyne Farm 1995 
Ardoyne Farm 1996
Ardoyne Farm 1995 
St. Gabriel 1995
Ardoyne Farm 
1996 
St. Gabriel 1995
Stalk
number
Narrow
Wide
0.231 ±0 .138  
0.418 ±0 .120
0.415 ± 0.121 
0.649 ± 0.085
0.281 ±0 .134  
0.462 ±0.115
Stalk
length
Narrow
Wide
0.688 ±0 .077  
0.802 ± 0.052
0.683 ± 0.078 
0.801 ±0 .052
0.685 ±0 .077  
0.823 ± 0.047
Stalk
diam eter
Narrow
Wide
0.707 ± 0.073 
0.772 ±0 .059
0.752 ± 0.063 
0.615 ±0.091
0.598 ± 0.094 
0.569 ± 0.099
Stalk
weight
Narrow
Wide
0.637 ±0 .087  
0.814 ±0 .049
0.724 ± 0.069 
0.751 ±0 .064
0.591 ±0.095 
0.694 ± 0.076
Plant
weight
Narrow
Wide
0.369 ±0 .126  
0.766 ± 0.060
0.579 ± 0.097 
0.630 ± 0.088
0.472 ±0.113 
0.678 ± 0.079
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plant spacing. This indicated that a higher level o f accuracy was achieved when trait 
measurements were taken on plants spaced 82 cm apart compared to measurements 
taken on plants spaced 41 cm apart and that more measurements would be needed for 
plants spaced 41 cm apart to obtain the same level of precision as with wider spaced 
plants.
Among variables in narrow spaced plants, diameter, stalk weight, and stalk 
length were the most repeatable variables, plant weight was intermediate, whereas stalks 
per plant was the least repeatable trait. In wide spaced plants, stalk length was the most 
repeatable variable, stalk diameter, stalk weight, and plant weight were intermediate and 
stalks per plant was the least repeatable variable. The high repeatability of stalk length 
is probably due to the fact that in wide spaced plants, stalks no longer have to compete 
for light as they did in narrow spaced plants.
Kang et al. (1984) indicated that important information on genetic mechanisms 
conditioning a trait under different environments is missing when only phenotypic 
correlations coefficients are used. Genetic correlation coefficients for a given trait in 
two different environments ranged from intermediate to high (Table 8). Since genetic 
correlations measured in this way can give evidence on the kind of genetic mechanisms 
involved in the expression of traits (Falconer, 1989), it is safe to assume that the genetic 
mechanisms implicated in determining all five traits in all environmental combinations 
were similar as indicated by the relatively high genetic associations. Genetic 
mechanisms acting in the expression of stalk number per plant at Ardoyne farm varied
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Table 8. Family-mean genetic correlations o f  the same trait between different environments 
at two intrarow plant spacings.
Environments compared
Trait Spacing
Ardoyne Farm
1995 
Ardoyne Farm
1996
Ardoyne Farm 1995 
St. Gabriel 1995
Ardoyne Farm 1996 
St. Gabriel 1995
Stalk
number
Narrow
Wide
0.354 ±0.418 
0.692 ±0.137
0.844 ±  0.084 
0.821 ± 0 .085
0.685 ±0 .258 
0.917 ± 0 .044
Stalk
length
Narrow-
Wide
0.804 ± 0.088 
0.972 ±0.012
0.824 ±  0.072 
0.907 ±0.041
0.924 ± 0 .037  
0.998 ±0.001
Stalk
diam eter
Narrow
Wide
0.891 ±0.052 
0.947 ± 0.025
0.872 ±  0.057 
0.777 ± 0 .095
0.744 ± 0 .114  
0.928 ± 0.034
Stalk
weight
Narrow
Wide
0.778 ±0.097 
0.952 ± 0.022
0.806 ±  0.080 
0.922 ±  0.035
0.826 ± 0.078 
1.005 ± -0 .002
Plant
weight
Narrow
Wide
0.780 ±0.136 
0.908 ±0.041
0.992 ±  0.005 
0.890 ±0.051
0.656 ±  0.166 
1.097 ±-0 .052
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depending on the year effect. Apparently, the extreme conditions o f the 1995-1996 
winter affected stalk number more severely than any other trait.
Mariotti (1974) reported correlation values similar to the ones presented herein 
for stalk diameter, stalk length, number of millable stalks (comparable to number of 
stalks per plant), and cane yield (comparable to plant weight). Kang et al. (1984) also 
reported similar results for stalk weight and stalk number, but lower correlations for 
cane yield. Mariotti (1974) and Kang et al. (1984) values were based on replicated 
clonal plots whereas in this study, we report results based on family means obtained 
from first ratoon of seedlings. Nevertheless, there is a good agreement among the three 
studies.
Genetic associations calculated with data taken from wide spaced plants were 
generally higher than those associations determined with data taken from narrow spaced 
plants. This difference clearly shows, as it did at the phenotypic level, the effect o f the 
spacing factor on the genetics of a trait. Higher phenotypic and genetic correlation 
coefficients were obtained when a distance o f 82 cm between plants within a row was 
used as opposed to a distance of 41 cm.
Phenotypic and Genetic Correlations
To make effective selection for plant weight, a thorough understanding of traits 
contributing to plant weight, inter-relationships among traits and with plant weight is 
required. In the LSVDP. populations are evaluated as individually spaced plants within 
a family. Even though plant weight and plant weight components data were obtained on 
individually spaced plants, these associations were calculated using family means, and
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therefore, they have application to family selection using either wide (82 cm) intrarow 
plant spacing or narrow (41 cm) intrarow plant spacing.
In most cases, phenotypic and genotypic correlation coefficients were similar 
due to a relatively low effect of the environment on the associations (Table 9). 
Phenotypically and genotypically, all of the plant weight components were positively 
and significantly correlated to plant weight. Phenotypically, stalk weight was the 
component most highly correlated to plant weight for both narrow and wide intrarow 
plant spacing. Genotypically, stalk length was the component most highly correlated at 
narrow spacing and equally important to stalk weight at wide spacing. Diameter was 
the component most poorly correlated to plant weight both phenotypically and 
genotypically and in both wide and narrow intrarow plant spacings. Correlations 
between stalk number per plant and plant weight were highly significant and almost 
identical in value at both genotypic and phenotypic levels and at both narrow and wide 
intrarow plant spacings.
Among plant weight components, some important relationships were observed. 
At both intrarow plant spacings, phenotypic correlations between diameter and stalks 
per plant were not significant, while genotypic correlations between the same traits were 
not significant at wide spaced plants but significant and negative at narrow spaced 
plants. The negative association between these two traits have been reported in several 
studies (Smith and James, 1969; James and Falgout, 1969; Mariotti, 1971; Mariotti, 
1973; Kang et al., 1983; Sunil and Lawrence, 1996). Those studies were mostly done 
using commercial plant densities (clonal plots) or on closely planted seedling material.
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Table 9. Phenotypic and genetic correlation coefficients among plant weight and its components.!
Trait
Trait Spacing Stalk  num ber S talk  length S talk  d iam eter S talk  w eight Plant w eight
S talks per p lant N arrow
W ide
0.512 ± 0.061 
0 .686  ± 0.044
-0 .0 4 0  ± 0 .0 8 2  
-0 .0 3 7  ± 0 .0 7 4
0 .2 1 9  ± 0 .0 7 9  
0 .323  ± 0 .074
0 .795± 0 .030
0 .727± 0 .039
Stalk length N arrow
W ide
1.023 ± 0.012 
0.893 ± 0.046
0.256  ± 0 .077 
0.298  ± 0.075
0 .7 2 6  ± 0 .039  
0 .752  ±  0 .036
0 .755± 0.035
0 .845± 0 .024
Stalk d iam eter N arrow
W ide
-0 .2 5 5  ± 0 .2 3 4  
0 .078  ± 0 .232
0 .196  ± 0 .217  
0 .360  ± 0.193
0 .852  ± 0.023 
0 .878  ± 0 .0 1 9
0 .458± 0.065
0 .586± 0.054
Stalk w eight N arrow
W ide
0 .369  ± 0.222 
0 .523 ± 0 .1 6 5
0.694 ± 0 .1 2 0  
0 .787  ± 0 .080
0.826  ± 0.072 
0 .868  ± 0.055
0 .920±0.013
0 .875± 0 .019
Plant w eight N arrow
W ide
0 .744  ± 0 .1 1 8  
0 .768  ± 0 .094
0.981 ± 0 .009  
0 .916  ± 0 .0 3 5
0.435 ± 0 .1 8 9  
0 .666  ± 0 .126
0 .869  ± 0 .059  
0 .946  ± 0 .016
t  Phenotypic corre la tions above d iagonal, genetic  co rrelations below  diagonal.
4^
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This situation of crowdedness precludes plants to develop properly due to competition 
for nutrients, ligh t, and physical space that occurs between plants and stalks within 
plants. Wide spaced plants allow for selection for higher number of stalks without 
detriment to stalk diameter, while increasing plant weight. James (1971), while 
comparing yield components associations in three different sugarcane populations, 
found no significant phenotypic correlation (r=0.022) between stalk diameter and stalk 
number. His finding applies to a random sugarcane seedling population planted 60 cm 
apart. Significant negative associations (r= -0.321: r=-0.516) were found in the other 
two populations which were vegetatively propagated and each planted at 30 cm apart. 
His results were consistent with the findings in this work and with the argument of 
competition and crowdedness causing the negative relationship between those 
characters.
Diameter was positively but poorly correlated with stalk length. At narrow 
intrarow plant spacing, the diameter-length genetic association was not significant. On 
the other hand, length was shown to be highly and positively associated with stalk 
number.
Path Analysis
The proper estimation of genotypic and phenotypic correlation coefficients is of 
little value unless some application can be made o f these associations (Robinson et al..
1951). The knowledge of associations o f plant weight with other traits helps select 
suitable, desirable plant types. In these correlations, when the indirect associations
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create complexity, path analysis has been found useful in finding the direct and indirect 
causes among associations (Dhagat et al., 1977).
Path-coefficient analyses were performed in accordance with a predetermined 
casual relationships (Figure 1) using phenotypic and genetic correlation coefficients for 
each of the two intrarow plant spacings. Stalk number, stalk diameter, and stalk length 
(independent or predictor variables) constituted the component traits of plant weight 
(dependent or response variable). The variable plant weight was obtained as the product 
of stalk number and stalk weight. This method of estimating plant weight may cause an 
artificial correlation between plant weight and stalk number and between plant weight 
and stalk weight (Kang et al., 1989). Kang et al. (1985) indicated that kind of 
correlations may inflate the relative importance of the variable estimated at the 
phenotypic level, but may not have an appreciable effect at the genetic level. In order to 
minimize spurious associations produced by artificially created relationships (Kang et 
al., 1991), path-coefficient analyses were carryied out using only the three components 
that were measured directly. Stalk weight was considered as an intermediate variable 
and was not used in these analyses. The X variable consisted of all traits in addition to 
stalk number, stalk diameter, and stalk length that contributed to plant weight and error 
factors that influenced plant weight estimation.
Smith et al. (1977) indicated that in path-coefficient analysis, the direct effect 
(P) of a component refers to its effect with all the other components held constant, and 
that the indirect effects arise since the components themselves are correlated in such a 
way that a change in one trait will cause a change in another trait. Phenotypic and
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Stalk
Number(l)
Plant
Weight(4)
Stalk 
Length(2) > f
Stalk
Weight
Stalk
Diameter(3)
Residual(X)
Figure 1. Path diagram showing the set of cause-and-effect relationships of number 
of stalks per plant (1), stalk length (2), stalk diameter (3), and plant weight (4). P and 
r indicate direct path coefficients and correlation coefficients, respectively.
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genetic direct effects on plant weight were positive indicating that selection for any of 
the components would cause an increment in plant weight (Table 10). Irrespective of 
plant spacing and relative to the value of their correlations, variables with the highest 
correlations did not produce the largest direct effects. Diameter had the largest 
proportion o f its correlation with plant weight assigned to the direct effect, making it an 
important factor directly influencing plant weight. The largest phenotypic direct effect 
was that of stalk number at both narrow and wide intrarow plant spacings (0.507 and 
0.650. respectively). The direct effect of stalk number was of the same magnitude as 
the direct effect of diameter at wide spacing (0.501), but was much larger than the direct 
effect of diameter at narrow spacing (0.402), reflecting the negative effect of 
competition on diameter. The direct effects of length were the lowest and 
approximately of the same magnitude at both spacings (0.348 and 0.319, respectively).
Compared to direct effects, the indirect effects of the phenotypic path analyses 
were small, except for the indirect effect of stalk length on plant weight. Indirect effects 
o f length on plant weight via stalk number were of the same magnitude as direct effects. 
The negative indirect effect of stalk diameter via stalk number and that of stalk number 
via stalk diameter arise since the covariance between those traits was negative.
However, the relative importance of these effects can be considered negligible. This 
negative association between stalk number and diameter has been shown to be 
important when working with selected clonal populations (James, 1971; Miller and 
James, 1974; Kang et al., 1983). This fact makes it more important to improve selection
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Table 10. Phenotypic and genotypic path coefficient analysis of plant weight contributing 
traits at two intrarow plant spacings.
Phenotypic Genotypic
Wide Narrow Wide Narrow
Stalk number ~  Plant weight
Direct effect, PI4 0.507 0.650 0.328 0.551
Indirect effect via: 
Length, rl2 P24 0.239 0.163 0.403 0.324
Diameter. rn P34 -0.019 -0.016 0.037 -0.131
Correlation, r14 0.727 0.797 0.768 0.744
Stalk length >-* Plant weight 
Direct effect, P24 0.348 0.319 0.451 0.317
Indirect effect via: 
Stalk number, r,2 P,4 0.348 0.333 0.293 0.563
Diameter, r23 P34 0.149 0.103 0.172 0.101
Correlation. r24 0.845 0.755 0.916 0.981
Stalk diameter -  Plant 
weight
Direct effect, P34 0.501 0.402 0.478 0.514
Indirect effect via: 
Stalk number, r,3 Pl4 -0.019 -0.026 0.026 -0.141
Length, r23 P24 0.104 0.082 0.162 0.062
Correlation, r34 0.586 0.458 0.666 0.435
P,4 0.210 0.239 0.129 0.234
R2 0.956 0.943 0.983 0.945
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
55
techniques at the seedling stage where, as shown in this study, this negative association 
is not significant.
For the genetic path analyses, the value of the direct effects o f the three plant 
weight components were, relative to each other, closer in importance, but indirect 
effects played a more important role than they did in phenotypic path analyses. In 
addition, indirect effects were different depending on the spacing. For example, at wide 
intrarow plant spacing, the indirect effect of stalk number on plant weight via stalk 
length was higher than the direct effect, while, at narrow spacing, the indirect effect of 
stalk length on plant weight via stalk number was more important than its direct effect.
The usefulness o f path analysis can be shown in the following case. Correlation 
coefficients between stalk length and plant weight were high in all four analysis. Those 
values suggested that an increase in stalk length might cause a large increase in plant 
weight. However, path analyses showed that when stalk number per plant and stalk 
diameter were held constant, stalk length was not the factor with the highest influence 
on plant weight and that both stalk number per plant and stalk diameter had higher 
direct effect on plant weight than stalk length.
The coefficients of determination (R2) represent the percentage of variation in 
plant weight that was accounted for by the three plant weight components, number of 
stalk per plant, stalk length, and stalk diameter. In general, the R2 values were relatively 
high, which indicated that the three components of plant weight accounted for almost all 
the variation in plant weight. In addition, the relatively small residual effect (Px4) 
further reinforced the above conclusion. The R2 values were lower when the path
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coefficient analysis was based upon data from the narrow spaced plants, the difference 
being primarily the result of competition effects.
Selection Indices
Twenty-six different indices were constructed for each of the two intrarow 
spacings, and the estimated genetic superiority by implementing each index was 
calculated (Table 11). In each case, it was assumed that the top 50 % of 200 sugarcane 
families would be selected.
Expected genetic advance was 0.502 kg for narrow spaced plants and 1.138 kg 
for wide spaced plants when selection was based on plant weight alone. This value is 
used as a basis for comparison of the relative efficiency of the indices (IRE). The IRE 
compared only within row spacing.
The highest gain in expected genetic advance, both in narrow and wide intrarow 
plant spacings, was obtained when selection was based on Index 1 which incorporated 
information o f all five traits. Indices 4 and 6 had the same expected genetic advance as 
Index 1 did for widely spaced families and was comparable to Index 1 for narrow 
spaced families. Index 4 did not include stalk diameter, and Index 6 did not include 
plant weight. The relatively high expected genetic advance for these two indices was 
probably due to the presence of intermediate variables that contain some information 
about the traits that were excluded. In Index 4, stalk weight was an intermediate 
variable which contained information about stalk diameter and in Index 6, the 
information about plant weight is contained in the genotypic covariances of plant weight 
and all the other traits.
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Table 11. Expected genetic advance (EGA) in plant weight from the use of various 
selection indices and their relative efficiency (IRE) in sugarcane family selection at two 
intrarow plant spacings.
Index Spacing
Index coefficients
EGA
(kg)
IR E t
(%)
Stalk
num ber
Stalk
length
Stalk
diam eter
Stalk
weight
Plant
weight
Narrow 1.000 0.502 100.00
Wide 1.000 1.138 100.00
1 Narrow -0.089 0.028 -0.068 2.153 0.202 0.612 121.91
Wide 0.190 0.033 0.059 8.246 -0 .084 1.208 106.15
2 Narrow 0.023 -0.129 4.456 0.069 0.611 121.71
Wide 0.050 0.204 1.585 0.187 1.202 105.62
3 Narrow -0.009 -0.464 10.674 0.116 0.606 120.72
Wide 0.260 -0.360 17.329 -0 .150 1.120 105.80
4 Narrow -0.099 0.032 0.780 0.215 0.611 121.71
Wide 0.195 0.029 9.417 -0.091 1.208 106.15
5 Narrow -0.115 0.034 0.027 0.241 0.611 121.71
Wide 0.116 0.058 0.409 0.038 1.205 105.89
6 Narrow 0.026 0.024 -0.135 5.069 0.610 121.51
Wide 0.148 0.036 0.091 6.539 1.208 106.15
7 Narrow -0.463 10.773 0.102 0.606 120.72
Wide -0.474 13.904 0.248 1.192 104.75
8 Narrow 0.031 2.123 0.064 0.610 121.51
Wide 0.038 5.258 0.187 1.202 105.62
9 Narrow 0.037 0.104 0.067 0.608 121.12
Wide 0.055 0.286 0.192 1.202 105.62
t o Narrow 0.027 -0.103 4.344 0.609 121.31
Wide 0.060 0.204 3.382 1.196 105.10
11 Narrow 0.063 5.037 0.135 0.555 110.56
Wide 0.340 12.763 -0.145 1.192 104.75
12 Narrow -0.341 -0.161 0.857 0.541 107.77
Wide 0.012 0.110 0.646 1.142 100.35
13 Narrow 0.053 -0.465 11.620 0.606 120.72
Wide 0.189 -0.359 15.381 1.203 105.71
(Table conT)
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Index coefficients
Index Spacing Stalk
num ber
Stalk
length
Stalk
diameter
Stalk
w eight
Plant
weight
EGA
(kg)
IR E t
(%)
14 Narrow
Wide
-0 .138
-0 .117
0.034
0.044
0.282
0.475
0.611
1.185
121.71
104.13
15 Narrow
Wide
0.020
0.150
0.032
0.030
2.567
8.195
0.609
1.207
121.31
106.06
16 Narrow
Wide
0.012
0.133
0.040
0.059
0.126
0.434
0.607
1.205
120.92
105.89
17 Narrow
Wide
4.248
5.684
0.238
0.436
0.554
1.168
110.36 
102.64
18 Narrow
Wide
0.059
0.098
0.428
0.660
0.505
1.142
100.60
100.35
19 Narrow
Wide
-0.517
-0.666
12.400
19.941
0.602
1.179
119.92
103.60
20 Narrow
Wide
0.036
0.040
0.123
0.416
0.601
1.177
119.72
103.43
21 Narrow
Wide
0.033
0.048
2.456
7.060
0.608
1.194
121.12
104.92
22 Narrow
Wide
-0 .210
-0 .055
0.660
0.741
0.531 
1 .140
105.78 
100.18
23 Narrow
Wide
0.136
0.272
6.119
10.896
0.554
1.191
110.36
104.66
24 Narrow
Wide
0.221
0.467
0.272
0.660
0.408
1.078
81.27
94.73
25 Narrow
Wide
-0 .0 1 1 
0.005
0.044
0.081
0.594
1.117
118.33
98.15
26 Narrow
Wide
0.041
0.072
0.123
0.385
0.607
1.195
120.92
105.01
t  The index relative efficiency (IRE) compares the predicted gain o f  an index to selection for plant weight 
alone within the sam e plant spacing.
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The range o f index relative efficiency for the twenty-six indices was between 
81.32 % and 121.76 % for narrow intrarow plant spacing and between 94.75 % and 
106.15 % for wide intrarow plant spacing. As a general rule, expected genetic adavance 
increased over selection for plant weight alone, when selection indices were used. Just 
two indices for wide and one index for narrow planted families had lower expected 
genetic advance than selecting for plant weight alone. Expected genetic advance for 
several selection indices was comparable to that o f plant weight alone. Indices that 
included number of stalks per plant, stalk diameter, and/or stalk length gave the highest 
expected genetic advance.
Irrespective of plant spacing, Indices 21 and 26 gave the highest expected gain 
from selection when just two traits were included in an index. The use of any of these 
indices would probably select for higher, bigger diameter, and heavier stalks, which is 
good but it may not take into consideration the number of stalks per plant. In the same 
fashion. Index 15 was comparable with Index 1 without the inclusion o f stalk diameter 
and plant weight. This index will probably give favorable results since it took into 
account, directly or indirectly all five traits.
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SUMMARY AND CONCLUSIONS
The expenditure of resources, such as time, labor, space and other expenses 
associated with yield testing cause plant breeders to explore different ways to optimize 
testing efficiency. Progeny testing is used to identify families with superior, stable 
performance at the first stage of the Louisiana Sugarcane Variety Development 
Program.
Family (cross) appraisal consists in the evaluation of progeny from the 
hybridization of two selected individuals to measure its potential to produce elite 
cultivars. Appraisal data are used to select the best families prior to individual plant 
selection and to guide crossing and seedling decisions in the LSVDP.
Research to optimize the current progeny testing methodology examined the 
relative importance of family, within family, environment, replication, and intrarow 
plant spacing in terms of effectiveness of the testing procedure. Results indicated that 
the use o f more widely spaced plants (82 cm) in the appraisal test could increase family 
selection effectiveness up to 31% in some traits over a standard intrarow plant spacing 
(41 cm). Wider spaced plants provide more accurate family values. Wide spacing 
increased genetic variation while decreasing error variance, thus allowing better 
differentiation of sugarcane families.
Over years and locations, total number of stalks and total number o f plants were 
consistently higher in wide than narrow intrarow spacing (68,069 vs 42,592 and 4,800 
vs 4.470, respectively). Even after the 1995/1996 winter freeze that severely damaged 
the seedling population at the St. Gabriel Research Station, it was observed that a larger
60
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number of plants survived in wide rather than in narrow spaced plants. This increase in 
survival might be due to the fact that wider spaced plants produced more stalks per 
plant, which probably led to the increase in population size of underground buds, thus 
improving tillering ability and plant survival.
Cross by spacing interaction was not important as evidenced by the genetic 
correlation of family means for the same trait at different spacings and cross by spacing 
interaction variance component analysis. Variance component analysis by spacing 
indicated that family by environment (location-year) interaction was only a minor factor 
in reducing selection effectiveness, but residual variance was, by far, the largest source 
o f variance for the five traits studied. Much of this residual variance was due to within 
family plant-to-plant variation.
Since family by environment variances were minor compared to other sources of 
variation, testing scenario effectiveness was mostly a function of plant number and 
spacing. Alternative arrangements o f environments, replications, rows, plants, and stalk 
numbers gave only slight improvement over current methods. Nonetheless, estimates of 
predicted responses to selection indicated that testing families either in two 
environments, two replications per environment, one row per plot, and 16 plants per row 
or in two environments, one replication per environment, two rows per plot, and 16 
plants per row would represent near optimal allocation of resources to select for stalk 
number per plant and plant weight. Two locations, two replications per location, one 
row per plot, 10 plants per row, and one stalk per plant would be the best combination 
for stalk length, stalk diameter, and stalk weight.
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Land constraints in the LSVDP may limit the use of widely spaced plants in 
selection fields. Nevertheless, estimates of direct and correlated response to selection 
indicated that the use o f a widely spaced progeny test and narrowly spaced seedling field 
would still be an improvement over current methods.
Selection efficiency is enhanced if a trait is repeatable across test environments. 
In order to evaluate the effectiveness o f family selection at an early stage o f selection 
under Louisiana environmental conditions, family repeatability of plant weight and the 
major components of plant weight was estimated.
Repeatability values at both intrarow plant spacings were reasonably high 
compared to other studies. Nevertheless, repeatability values (correlations) were higher 
for wide intrarow plant spacing than for narrow spaced plants. Number of stalks per 
plant was the least repeatable trait. Repeatability values between all possible 
environment combination were high showing a low effect of the environment on the 
traits studied.
The relatively high genetic associations for a given trait in different 
environments suggested that genetic mechanisms implicated in determining plant 
weight and plant weight contributing traits were similar in each of the three 
environments. Number of stalks per plant was the trait most affected. Genetic 
mechanisms responsible for the expression of this trait at Ardoyne farm varied from 
year to year apparently due to the severe 1995-1996 winter conditions.
The major thrust of this study was how plant weight, which is regarded as a 
measure of cane yield, was affected by intrarow plant spacing. Therefore, the
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inter-relationships among traits contributing to plant weight and their associations with 
plant weight in particular were addressed.
Examination of the inter-relationships among the five traits included in this 
study indicated that associations were generally positive. This held true for all 
associations, except for a non-significant negative phenotypic association between stalk 
number per plant and stalk diameter, and a significant but weak genetic association 
between the same traits o f families planted at narrow intrarow spacing. Despite this 
negative association, there is not a strong indication that selection for any of the five 
traits will have a negative effect on any other trait at this selection stage. Plant weight 
contributing traits showed a strong positive association with plant weight independently 
of plant spacing. This suggested that selection for any of these component traits will 
have a strong positive effect on plant weight.
Path-coefficient analysis was used to measure the direct and indirect influence of 
plant weight components on plant weight by partitioning phenotypic and genotypic 
correlations coefficients into components of direct and indirect effects. Phenotypic and 
genotypic direct effects were all positive indicating that selection for any of the plant 
weight components should translate into an increase in plant weight. Number o f stalks 
per plant, stalk diameter, and stalk length accounted for almost all the variation in plant 
weight as indicated by the coefficients of determination.
Irrespective o f plant spacing, path coefficients revealed that, relative to 
correlation coefficients values, stalk diameter and number of stalks per plant had the 
largest direct positive effect on plant weight at both phenotypic and genotypic levels.
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Selection for those traits would result in increased plant weight. However, number of 
stalks per plant and stalk diameter had been shown to be negatively correlated in 
advanced clonal plots. The negative correlation between those traits suggests that a 
compromise should be made when selecting for increased plant weight via both traits 
and that perhaps more attention may be given to stalk length, which is positively 
correlated with all other traits.
Generally, plant breeders select for a plant ideotype rather than for a specific 
trait. This suggests the use of a selection index where proper weight is given to all the 
traits considered to be important to obtain the desired plant archetype.
An increase in efficiency was observed over direct selection for plant weight 
when all four plant weight contributing traits were included along with plant weight.
The efficiency in selection tended to decrease when indices were based on fewer traits. 
Nevertheless, a few of the indices that included two traits had relative efficiencies 
comparable to the best indices and the majority certainly were as effective as direct 
selection for plant weight. Among the indices that included three traits, Index 15 which 
included number of stalks per plant, stalk diameter and stalk weight had one of the 
highest relative efficiencies for both narrow and wide intrarow plant spacings. These 
results, thus, suggest that a combination of traits, such as the ones indicated in this study 
will lead to a higher efficiency in selection, which is definitely superior to selection for 
plant weight alone. The right combination would be the one from which sugarcane 
breeders at LSVDP could get the maximum expected gain from selection with minimum 
cost, resources, and effort.
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A PPEN DIX A. FAM ILIES AND PARENTS USED IN STUDY
Family
Parents
Female (9 ) Male (o’)
XL93-102 LCP81-010 CP76-331
XL93-142 CP89-855 C P76-331
XL93-143 HoCP88-769 C P76-331
XL93-145 LCP86-454 US90-018
XL93-148 HoCP89-849 LCP86-454
XL93-158 HoCP89-849 H oCP91-552
XL93-159 CP89-855 H oCP91-552
XL93-164 LCP85-384 LCP82-089
XL93-165 LCP86-429 LCP82-089
XL93-166 LCP86-454 LCP85-384
XL93-168 LCP87-017 CP89-855
X L93-I70 LCP82-089 CP89-855
XL93-171 LCP86-429 CP89-855
XL93-173 L90-191 LCP82-089
XL93-179 LCP87-017 CP77-405
XL93-192 LCP86-454 LCP81-010
XL93-193 CP89-800 LC P81-010
XL93-194 LCP82-089 LCP81-010
XL93-195 L75-056 LCP81-010
XL93-205 L75-056 LCP82-089
XL93-211 HoCP89-846 LCP85-384
XL93-230 L90-178 LCP86-454
XL93-237 HoCP85-845 L88-063
XL93-301 US77-017 LCP85-384
XL93-305 HoCP85-845 CP76-331
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APPENDIX B. PHENOTYPIC VAR IANCE-CO VARIANCE M ATRIX
Trait Spacing Stalknumber
Stalk
length
Stalk
diameter
Stalk
weight
Plant
weight
Stalk Narrow 2.988 15.232 -0.091 0.037 1.916
number (no) Wide 4.500 25.030 -0.094 0.075 3.092
Stalk Narrow 15.232 296.697 5.817 1.238 17.850
length (cm) Wide 25.030 300.521 7.431 1.416 29.669
Stalk Narrow -0.091 5.817 1.742 0.109 0.819
diameter (mm) Wide -0.094 7.431 2.091 0.137 1.716
Stalk Narrow 0.037 1.238 0.109 0.010 0.099
weight (g) Wide 0.075 1.416 0.137 0.012 0.194
Plant Narrow 1.916 17.850 0.819 0.099 1.944
weight (kg) Wide 3.092 29.669 1.716 0.194 4.181
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A PPE N D IX  C. G EN O TY PIC VARIANCE-CO VA RIANCE M A TR IX
Trait Spacing Stalknumber
Stalk
length
Stalk
diameter
Stalk
weight
Plant
weight
Stalk Narrow 0.832 12.895 -0.252 0.026 0.637
number (no) Wide 2.348 21.263 0.132 0.075 2.041
Stalk Narrow 12.895 191.099 2.923 0.753 12.863
length (cm) Wide 21.263 239.104 6.505 1.160 24.363
Stalk Narrow -0,252 2.923 1.170 0.071 0.453
diameter (mm) Wide 0.132 6.505 1.359 0.097 1.336
Stalk Narrow 0.026 0.753 0.071 0.006 0.065
weight (g) Wide 0.075 1.160 0.097 0.009 0.155
Plant Narrow 0.637 12.863 0.453 0.065 0.881
weight (kg) Wide 2.041 24.363 1.336 0.155 2.926
75
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
VITA
Orlando De Sousa Vieira was bom in Louie, Portugal on October 10, 1957 to 
Etelvina Justa De Sousa and Francisco Pires Vieira. Shortly after he was bom his 
parents emigrated to Venezuela where he grew up and became a Venezuelan citizen. In 
1982 he received his Bachelor o f Science degree in Agronomy from the Universidad 
Centroccidental Lisandro Alvarado, Lara State, Venezuela. Upon graduation, Orlando 
joined the National Agricultural Research Fund (FONAIAP) which is an autonomous 
research institution of the Ministry o f Agriculture and Livestock (MAC). Later on he 
was awarded a scholarship to study for the Master o f Science degree in Agronomy and 
in the summer 1988 he joined the Department of Agronomy at Mississippi State 
University in Starkville, Mississippi. He completed the requirements for the Master of 
Science degree in Agronomy in the Spring 1990. A few years later he was awarded 
another scholarship. This time to study for the Doctor o f Philosophy degree in 
Agronomy, and in the Spring 1995 he joined the Department of Agronomy at Louisiana 
State University in Baton Rouge, Louisiana. Currently he is a candidate for the Doctor 
o f Philosophy degree in Agronomy.
76
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
DOCTORAL EXAMINATION AND DISSERTATION REPORT
Candidate: Orlando De Sousa Vieira
Major Field: Agronomy
Title of Dissertation: Intrarow Plant Spacing and Family by Environment
Interaction Effects on Sugarcane Cross Evaluation
Approved:
Major Professoi id Chairman
he Graduate SchoolDe<
EXAMINING COMMITTEE:
Date of Examination:
October 20, 1997
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
IMAGE EVALUATION 
TEST TARGET (Q A -3 )
•6^
/ L
*7 ' £
V -
1.0 IS|2*■ soUi
u±
ss^ss 1 ^
l i .l.l
S Li
1 “  1 k „
fete*
1
1.25 1.4 II 1.6
150mm
/A P P L IE D  ^  IIWIGE . Inc
—  1653 East Main Street 
- ^ = ~■ Rochester. NY 14609 USA 
-= = ~—  Phone: 716/482-0300 
.= = ? - = =  Fax: 716/288-5989
0 1993. Applied Image. Inc. All Rights Reserved
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
